INTRODUCTION
The bioelectric phenomena of excitable tissues involve a complex series of events associated with ionic movements across the labile relative barrier of the cell which is termed the excitable membrane. Present day theories postulate that the resting potential is essentially determined by asymmetry in the distribution of different ions between the interior of the cell and its exterior, that asymmetry being produced at least partly by Donnan effect (17) , and partly by specific, metabolically energized secretory activity (34, 45) . The magnitude of the resting potential is believed to be complexly determined by the ratios of the distribution of K +, Na +, and C1-and by their effective mobiLities (25) . The sign of the potential is in the direction that would be determined by the tendency of the ion of greatest effective mobility (K +) to diffuse from the more to the less concentrated phase (17) .
Activity superimposes upon this electrochemical system an alteration of electromotive force which is determined by a characteristic response of the membrane. According to the theory of Hodgkin and Huxley (22) this response is initiated by a relatively small decrease of the resting potential and causes striking, specific, and sequential alteration in the permeance of the membrane first to Na + and then to K +. The influx of Na + acting upon the capacity of the axonal membrane causes a new, oppositely directed electromotive force which in turn affects that influx (21) . When reversal of the membrane electromotive force increases as a consequence of flux of sodium ions in the direction of their concentration gradient, Na + permeance is diminished and halted by an "inactivation" process. After the increase in flux of Na +, K + begins to flow outward and this flow outlasts the earlier Na + influx, restoring the potential to the resting value. Hodgkin and Huxley (22) have incorporated, with conspicuous success, a large number of experimental results into a semiempirical analysis in terms of these processes.
The specificity of the sequence of ionic processes disclosed in the response implies specific molecular alterations in the excitable membrane. Hodgkin and Huxley (22) offer suggestions regarding the nature and kinetics of such alterations in discussing the physical significance of the mathematical equations of their theory. Estimates of the maximum thickness of the excitable membrane (about 100 A) scarcely permit a structure of more than a few molecular layers. Furthermore, probably only a small part of the surface of the membrane is involved in the reactions which result in response (45) . Within these dimensional limitations, which imply involvement of relatively few molecules, the distinction formerly sought between chemical and physical components of bioelectric activity loses its meaningfulness.
Evidence as to the nature of the bioelectric generators has depended heavily on the changes in activity produced by altering the ionic composition of the fluid surrounding the tissue. Thus, Hodgkin and Katz (25) were able to account for the dependence of the resting potential in the squid giant axon on the external K + (5) by adapting the "constant field" equation of Goldman (9) . Data on resting potentials of muscle fibers (30, 36, 39) and myelinated frog nerve fibers (29) are in agreement with this analysis (17) .
Alteration of the external ionic environment was also a principal tool in the explanation provided by Hodgkin and Katz (25) for the overshoot of the axonal spike (5, 18) , as well as in the development of the theory of Hodgkin and Huxley (19) (20) (21) (22) (23) (24) mentioned earlier. Other data (15, 41) which describe the impedance changes of squid axons during activity under various conditions of external environment can also be explained by Hodgkin and Huxley's formulation. Indeed, a phenomenon observed for the first time in the course of these experiments, the temporary rise in membrane resistance during the terminal phase of the spike, named (41) the "initial after-impedance" also appears in the calculations of Hodgkin and Huxley (22) , though smaller than the measured value.
The microinjection technique (14) , on the other hand, permits alteration of the internal ionic milieu of the axon. In combination with electrical recording, it can therefore be used to study the effects on the bioelectric generators, both of rest and of activity, caused by internal changes of various ion species. The present report details the results of two series of experiments on this subject carried out in 1952 and 1953 at the Marine Biological Laboratory, Woods Hole. 1 The experiments involved measurements of the effects of microinjected ions on the resting and action potential as recorded with inserted microelectrodes. 2 In some of the experiments (included in Table IH , and illustrated in Fig. 10 ) two or three microelectrodes were inserted into the axon in order to determine the bioelectric changes at different distances from the site of injection, as well as at the latter. The ions involved were: K +, Rb +, Na +, Li +, Ba ++, Ca ++, Mg ++, Sr ++, and CI-, NO~', HCO~, SO~', aspartate, and glutamate.
Methods

I. Prepavation.--It
is not necessary to remove the small fibers of the stellar nerve pipette. The entire system was filled with air4ree mineral oil up to the tip of the micropipette which was then placed in a drop of the solution to be injected. The solution, which had been previously colored by chlorophenol red (0.05 to 0.1 per cent final concentration) and filtered, was slowly taken up into the pipette by pulling on the syringe plunger. Provided the solution was rdativdy dean, no great difficulty was encountered in this process. The solution extended well into the shaft of the micropipette where it bathed and thus made electrlcal contact with the Ag-AgC1 wire. The use of the indicator had a twofold purpose. The colorant permitted ob- servation of the instant of fluid ejection from the pipette tip, its rate of flow, and the approximate length and region of the injection into the axon. In addition, the meniscus at the oil-electrolyte interface in the shaft of the micropipette was more easily visualized thereby so that its excursion could be measured with a calibrated ocular mierometer to indicate the amount of electrolyte injected into the axon. Additional microelectrodes for simultaneous multiple recording were drawn from the same type of capillary tubing as that used for micropipettes s. The capillary was first filled (as a dosed system) with 3 xf KCI (39) and the tip then formed on a pipette puller. This method of drawing "prefilled" electrodes (31) is more convenient than is that of a The capillary tubing used had remarkably uniform dimension, an outside diameter of 0.8 ram. and a thin wall. It was furnished by Mr. James D. Graham, Haddonfield, New Jersey. later filling by boiling the empty microcapillary in the electrolyte solution (36) . Each microdectrode was mounted in a holder similar to that used for the pipette (Fig. 1 B) , but without a connection to the syringe system. These holders were filled with 3 KC1 and electrical connection with the amplifier input was made by a AgAgC1 wire.
Insertion of the micropipette-electrode was either axially (5, 18) when a rather large shaftlet and tip opening could be used, or radially through the axonal membrane (47) when the pipette tip was of the order of 2 ~. The former method was used in an early series of these experiments. While the results were entirely similar, the radial impalement method proved more convenient and was used in all later experiments. The additional microdectrodes for multiple recording usually had tips of the order of 0.5 ~. However, a 2 ~ tip diameter can be safely used as judged by the fact that resting potentials and spikes of high amplitudes were obtained with pipetteelectrodes having tips up to 8 ja diameter and that the potentials remained steady up to 20 minutes after impalement (Fig. 3) . The dectrodes used in the present work had low resistance compared with the values given by Nastuk and Hodgkin (39) or other values in the literature, their resistance being only of the order of several megohms, 3. Araph'fying, Recording, and Stimulating Systems.--In one series of experiments the amplifying and recording system was a dual channel oscillographic unit. The preamplifiers were highly differential, directly coupled, with symmetrical cathode follower inputs 4. The input tubes were used as probes mounted dose to the preparation, but because of the low resistance it was not necessary to minimize the electrode capacity as was done by Nastuk and Hodgkin (39) . The frequency response of the system was measured in each experiment essentially as described by the aforementioned workers. Usually the electrodes attenuated a 0.1 msec. square pulse 5 per cent or less. The grid current of the input tubes was of the order of 10 -11 amperes.
For the experiments using multiple microelectrodes each beam of the two-channel oscillograph was split into 2 by an electronic switch operating at 100 kc. This permitted simultaneous registration of as many as four independent traces. Each microelectrode fed into a new type of negative capacity amplifierL The rise time of the recording system was 20 to 80 9sec.
The pipette-electrode was inserted into the axon in the region between a pair of external recording electrodes (Fig. 1 A) . It was connected into the directly coupled recording system operating at a sensitivity of 2 mr./ram, at the tube face. The same recording sensitivity also applied to the additional microelectrodes when these were used. The external recording electrodes were led to a capacitatively coupled amplifier at higher gain (up to 40 ~av./mm. at the tube face).
Initially the external and microdectrode recording systems were adjusted so that the oscillograph traces coincided when the pipette-dectrode was in the sea water surrounding the axon. The beam coupled to the external electrodes thereafter served as the base line for the resting and action potentials recorded after insertion of the pipette-electrode into the axon (Figs. 1 A, 3 , 4, 5, 10). The same procedure was also used in the experiments with multiple microelectrodes. Checks were made at the end of each experiment for the drift of the directly coupled recording systems.
Stimuli were delivered to the axon through a low capacity circuit (40) from a sweep synchronized square pulse generator. Pulse durations were usually 0.1 msec., and the stimulus strength only sufficiently above threshold to give mivimal latency. In addition to visual monitoring, continuous recording of the oscillograph traces was made with a Grass camera and a "slave" oscillograph, at a repetition rate of 1, 2, or 5 per see., starting just before insertion of the pipette-electrode and continuing during and after injection of the axon. The beginning of injection and its end were reported by one of us who performed the injection, while another monitored the presentation of the dectrical activity. A signal of the injection was also incorporated into the photographic records by a marking light.
Injection
Techn/que.--An important factor for successful microinjection into the giant axon is the injection rate. A rapid gush of fluid from the micropipette may cause instantaneous and irreversible damage to the nerve fiber as evidenced by immediate block of propagation and decrease in resting potential. Siow injection, however, is well tolerated (Fig. 3) . The rate of injection was measured in a number of experiments and averaged 0.01 to 0.03 mm. a of fluid per sec.
To make the data for effects of different ion species comparable we attempted in the first series of experiments (1952) to inject approximately comparable volumes of fluid (of the order of 0.1 to 0.5 mm.8), and to observe the biodectric effects for several minutes after the injection had ended. Therefore, the concentrations of the different injected dectrolytes were adjusted in the course of the series of experiments, to produce their observed effects within this range of volumes. For example, K + was injected in solutions ranging from 0.2 to 2 M, but because, as wiU be shown later, increase of internal K + is relatively ineffective in altering the bioelectric properties, it usually exerted an action only in concentrations of 0.5 M and higher. For the purpose of the present experiments, therefore, injections without effect of large volumes of 0.2 to 0.4 M KCI served as control experiments in which as much as 10 ram? of such solutions were sometimes introduced (Fig. 3 , Table II ).
In the series of experiments carried out in 1953 the aim was to study immediate effects of the ions. Therefore, the injection was usually continued until the spike recorded at the pipette-dectrode had decreased below the level of the resting potential, an indication of incipient block (see Figs. 4 and 5) . Although the techniques differed as described, the results of the two series were essentially similar (Table III) .
To study the action of K + without the possible complication introduced by C1-, potassium aspartate and glutamate were used at pH 7.8 with, or without additional CI- (Table III) . Na + was injected in various concentrations, also with CI-, glutamate, or aspartate; Rb + and Li + were injected as chlorides. Since the divalent cations exert their effects when only small quantitites are injected into the axon, these ions were used in low concentration (Table III) as the chlorides. Osmotic effects were then minimized in some of these experiments by appropriate concentrations of glucose, with or without additional 0.3 xf KC1. The effects of other anions were studied by using KNOB, K2SO,, and KHCOs. The detailed compositionsof the solutions are given in Table III. It is useful to grasp the volume and concentration dimensions involved in the in- With injections of 0.1 to 0.5 ram. ~ the colored dectrolyte was usually seen to spread over at least 3 to 5 mm. of the axon, more or less symmetrically in front and behind the pipette tip. The initial variation in length and form of the column appears largely determined by the fibrillar structure of the axon as described by Chambers and Kao (3) . The injection fluid first runs in elongated channels, and diffuses within a few seconds (unlike injected oil) through the cross-section of the region probably because it is freely miscible in the aqueous portion of the axon, which constitutes about 95 per cent of the interior (1). The change in dectrolyte concentration produced in the axon by the microinjection may be calculated approximately. It will be shown later (Figs. 4 and 8) that 29.2 #g. of K + ions as 0.38 ram. s of 2 ~t KC1 acting over 2 min. caused propagation block. If, during this time the ion had been uniformly distributed through the volume enclosed by 5 mm. of the axon, the microinjection would have caused approximately a threefold increase in the internal K +. Actually, in the region of the pipette tip, the concentration must have been higher. The boundary of the injected region also was probably more indefinite than has been assumed above. RESULTS 
Resting and Action Potentials before Injection
The experiments on injection of various ions were designed to study the effects of these apon the resting and action potentials. I t is germane, therefore, to s, mmarize the measurements of the potentials before these had been affected by microinjection. Altogether 542 measurements were made on 411 nerves.
(a) The Resting PotentiaL--The resting potential ranged from 27.5 to 68
Inv. (Fig. 2 A, C) . These values are uncorrected for theoretical "junctional" potentials. The mean value was 48.57 my. and the mode 48.67 my. (Fig. 2) . At comparable temperatures Hodgkin and Katz (26) obtained an average of 45.5 my. and Curtis and Cole (5) 51 Inv. I n our experiments, microelectrodes filled with electrolytes of very different concentrations all recorded resting potentials of about the same range of variation (Table I I I ) contrary to expectations derived from theoretical considerations regarding effects of junctional variations (5, 25) .
There seemed to be no direct correlation between the initial resting poten-6 The value for Ca ++ is calculated on the basis of Hodgkin and K~tz' (27) conclusion that the squid axoplasm probably contains 3 X 10 -4 ~ Ca ++. The axonal concentration of Mg ++ is unknown. tial and the time elapsed after isolation. Most of the nerves in the present experiments were studied within 1 ~ hours after removal from the animal. Table I , however, shows the values of resting potential and spike height obtained from nerves which had been kept in sea water for many hours after dis. section. The potentials of the paired nerve, examined immediately after removal from the animal, are also shown for two experiments. In a nerve surviving as long as 18 hours, the resting potential and spike were about as high as in the paired nerve studied when first excised.
(b) The Spike Amplitude.--This corrected when necessary--as noted earlier --for amplifier response, showed high variability (Fig. 2 B) and little cor- 
Effect of Injecgng an Inert Substance
A number of controls were carried out in order to ascertain that microinjecfion by itself does not significantly affect the resting potential or the spike. One particularly striking type will be illustrated here. The pipette-elec~ode was filled with 0.4 M glucose containing 0.3 ~s KCI as the electrolyte. 7 Fig. 3 shows the time course of the resting and action potentials, as recorded every half-second before, during, and after injection of a total of 7.3 mm.a of the fluid. The entire axon was colored by the dye since the amount of injected fluid would have filled completely 5.6 cm. of a cylinder of axonal diameter (405 #). The nerve was distended and turgid at the end of the experiment, yet the amplitudes of both the resting and action potentials remained unaffected during the 20 rain. of the experiment.
Of specific interest for the present report is the fact that all the ions in the axoplasm except C1-were probably diluted by the injection. The CI-was increased approximately tenfold. In fifteen of twenty-three experiments, in which 2 to 10 ram. a of 0.3 M KC1 were injected, changes in the resting potential were absent or small (Table II) . On the basis of the Donnan theory (reference 25, and Fig. 6 ) the resting potential in these cases would be expected to have decreased by at least 30 my. The massive injections decreased spike amplitudes to various extents but did not block propagation. These control experiments involved injections 4 to 100 times greater in volume than the experiments testing the effects of ions. They also extended over periods 2 to 10 times longer than the test series. The small changes in the resting potential, when present, may therefore be ascribed to the severity of the control conditions. In the remaining eight control experiments involving injections of 2.5 to 7.9 mm.S of fluid, resting potentials decreased within the 1st minute. These changes are ascribable to low tolerance to the nerves for the massive volumes of fluid. The control experiments therefore establish the validity of the microinjection technique as used in the test experiments.
7 In this experiment the injection fluid also contained 0.05 ~g./mm. a of butyryl choline. In this concentration the drag had no effect on the axon.
Changes in the Spike during and after Injeclion
Samples of the bioelectric changes occurring during the course of an experiment with injection of 2.0 ~ KC1 are shown in Fig. 4 . The same experiment is detailed in the curves of Fig. 8 . Records A to C of Fig. 4 show the resting and action potentials before, at the beginning, and end of an injection which introduced into the axon 28 vg. of K + as 0.36 mm3 of 2.0 M KC1. As the internally recorded spike decreased in height the second phase of the externally recorded response was slightly delayed. The delay was reflected in a broadening of the peak of the internal spike (D and E) and was m~nlfested more clearly still by formation of a notch (F and G) designated as the delayed spike (d.s.) in the curves of later figures. The notched responses are similar in appearance to the records obtained in incipiently blocking medullated nerve fibers (e.g. reference 43). As the delayed spike moved later (fir to J) it also appeared, but somewhat earlier, on the second phase of the diphasic external response. The time difference may be due to the delay line of electrotonic propagation from the distal spike to the site of the microelectrode. It is, however, also possible that decrementing activity propagated through the site of injection was unable to excite part of that altered axonal region while its local circuit was still able to cause full response in a more distal, unaffected site. The more powerful local circuit of the latter might then have initiated activity retrogradely in the previously unexcited zone of the injection site, and this would appear as a delayed response recorded by the internal electrode.
When the experimental conditions permit slow onset of block, as in Fig.  4 , it is seen that the latter occurs only when the amplitude of the transmembrahe spike has fallen approximately to the magnitude of the resting potential. Block of propagation is signalized by the disappearance of the delayed spikes Fro. 4. Effects of injecting 2 M KCI (Experiment 52-163, also illustrated in Fig. 8 ). The first injection (1.2 ug./K +) had practically no effect as seen in Fig. 8 . The responses before, at the beginning, and at the end of the second injection (0.36 ram:) are shown in A to C. In D (7 so=. after C) the internally recorded spike has a double peak, which is more pronounced in E (15 sec. after C). Records F to K, made 30 see., to 45 so=., 1 rain., 1 rain. 30 see., 1 rain. 45 see., and 1 rain. 47 sec. after C, are illustrative samples from the sequence at 2/sec., lasting more than 2 rain., on which Fig. 8 is based. Calibration 100 my. and 1000 cycles.
(K), but frequently, as in this record, the externally recorded spike exhibits, and for a long time, a diphasic artifact which indicates that local activity still persists in the interelectrode stretch of the axon. This is also demonstrated by the persistence at the microelectrode of a potential of the order of 30 inv. When recovery from propagation block occurs, the delayed spike reappears, at first late in the response, then moves earlier, and eventually may merge with the initial response which has increased in amplitude. These changes are at the same time reflected in the second phase of the external spike.
Accuracy of Detection of Local Biodectrlc Changes witk tke Microelectrode
The axon both at rest and during activity represents continuously distributed parallel generators. It is therefore necessary to examine whether the potential recorded by the microelectrode is falsified because the electromotive forces of the axonal generators in the region affected by the microinjection are swamped out by the parallel electromotive forces of the adjacent unaffected generators. This is probably not the case for the experimental conditions of the present work. nerve approximately symmetrically about the tip of the microelectrode. Since the length constant of the squid axon in sea water is about 5 ram., the maximum contributions of some "unaffected" parallel generators several centimeters away from the recording site would therefore have been very small indeed. It will be shown (Fig. 6 ) that on the basis of present theory the resting potential in the experiment of Fig. 3 (E) the internally recorded spike had decreased further, though the length of nerve affected by the added substance must have been of the order of 0.1 mm.
As seen from the upper traces of the records in Fig. 5 , the velocity of propagation through the injected region was unchanged (records A to F). This result is to be expected if the effects of the injection were localized to a region approximately 1 ram. long. When propagation block was developing as a result of a larger injection the response originally observed by the internal electrode (H) was less than 10 per cent of the initial spike height. At the same time, the late electrotonically recorded reflection of the delayed propagated response corresponded to less than 5 per cent of the initial internal activity (fir and I). When propagation was blocked (J) the internal electrode still recorded a small response in the tempo of the initial spike. This remnant activity must therefore be interpreted as the diminished local response of the blocked nerve in the region of the microelectrode.
(d) The experiments with impalement of the axon by two or three microelectrodes furnish convincing proof of the ability of the electrodes to record different amplitudes of resting potentials and spikes in nearby regions of the axon ( Fig. 10 and Table HI).
E.~ects of Microinjection on the Potentials (a) Theory.-
The basis of the resting potential in terms of the asymmetric distribution of ions between the axon and its external fluid has been described above, The equation usedby Hodgkin and Katz (25) permits an approximate calculation of the changes in the resting potential which might be expected to occur if the internal ionic composition were altered with respect to various ions. Effects ~ Resting Pot~tial.--(t~ The resting potential was found to be in-sensitive to ionic changes which might be expected either to raise (e.g., as by injection of potassium aspaxtate) or to lower (e. g., as with KC1 or NaC1) this potential (Figs. 3, 7 to9 , and Table III) .
(ii) The sequence of bioelectric changes which did occur was essentially similar no matter what the ionic alterations of the interior were. These changes first involved a decrease in spike amplitude. When the latter had fallen nearly to the level of zero overshoot, and propagation block was incipient, the resting potential decreased (Figs. 7 to 9 and Table HI).
(iii) At block the resting potential usually diminished by 30 to 50 per cent of the initial value, although more profound depolarization occurred with microinjections of high concentrations of some ions (Table III) .
(iv) The decrease in resting potential was usually largest at the site of injection (Table HI and Fig. 10) .
Comparisons of the Action of Different Ions.--(i) K +, injected with a variety
of inorganic and organic anions, was relatively ineffective in producing the bioelectric changes described above. This is seen in the detailed data of Table  III and in summary form in Table IV. (ii)~A few experiments indicated that Rb +, injected as the chloride, had similar ineffectiveness (Tables III and IV) . (iii) Na +, injected with chloride, glutamate, or aspartate, was 5 to 10 times more effective in decreasing spike height and resting potential than were K + or Rb + (Fig. 9 , Tables III and IV) .
(iv) Li +, injected as the chloride, appears to be as effective as Na + (Tables  III and IV) .
(~) The divalent cations Ba ~-, Ca "H', and Mg ++ are much more potent (Tables III and IV) . Sr ++ appears to be less effective, but this matter has not been further examined.
(v/) The anions used (CI-, HCO~, NO] SO~', glutamate, and aspartate) do not seem to contribute any marked specific effects on the bioelectric potentials (Tables III and IV) . 2.7 The blocking effectiveness of a given ion species and concentration shows considerable variation (Table HI) . The reasons for the variation are not clear. There is evidence from experiments with drugs that injection into the core of the axon is less effective than injection into the peripheral region. This may be due to differences in diffusion rate or to different degrees of disturbance of the axoplasm by the injections. Specific differences in different nerves may also play a role, although if present these were not correlated with the length of survival of the axon. In early experiments (12) injections of very small amounts of Mg ++ caused block. This finding was not confirmed in the later series, and the early experiments have therefore not been included. 
Differences in Effezts of Different
Ca//o~s.--Aside from the differences reflected in the mounts of the various cations needed to depress the spike and the resting potential, only two types of effect were observed which may be considered as specific to ion species.
(i) Injection of 0.5 ~ Na + in addition to depressing spike amplitude, also causes marked prolongation of the duration, as seen in Fig. 10 . This prolongation occurs first and most markedly at the site of injection and often to such an extent that the spike in this region outlasts the later response in a nearby region more distal to the stimulating electrodes. This change occurs prior to decrease of resting potential. Li +, though approximately as effective as Na + in blocking activity, does not cause as marked a prolongation of the spike. The other cations exert even less action of this type. On the other hand, some drugs when injected in high concentration also prolong the spike, but usually this action takes place before there is marked alteration in spike height (reference lO, and unpublished data).
(ii) The divalent cations, which are particularly potent in depressing the spike and the resting potential, usually decrease the latter much more than do the monovalent ions (Tables III and IV (48) . The potentials recorded were essentially independent of the type of junction used in the measurement (Table III) , and of the period elapsed after isolation of the axon (Table I) . Keynes (32) and Keynes and Lewis (33) reported that giant axons of Sepia tend to lose K + and gain Na + at a rapid rate. 9 That nerves kept in sea water for many hours have resting potentials and spikes of the same magnitudes as nerves studied freshly after removal would indicate that the resting potential is not principally determined by the K+i/K+o ratio. This appears to be the case also from the microinjection experiments described in detail in section 5 b of Results. Large alterations in K+i and Na+~ occur in excised muscle fibers of the spider crab (42) . These, however, are not reflected in parallel changes of the resting potential which remains nearly constant. The conclusion indicated by these various findings is that the resting potential is not determined by a Donnan equilibrium condition in which K + and C1-play the dominant roles as freely diffusible ions. Additional evidence for this conclusion is summarized elsewhere
(11). 1°
The microinjection experiments reported here, present a number of other obstacles to the Donnan theory of the resting potential. Not only in this potential insensitive to internal alteration of K + or Cl-, but in addition all changes in internal ionic composition lead to the same result, namely, a decrease of the resting potential following a decrease of the spike amplitude to the range of zero overshoot. Therefore the resting potential appears to be linked in some way unknown at the present time with the ability of the cell to respond as an action generator. Furthermore, the decrease in resting potential when it occurs may be confined to a relatively small region of the axonal site of the injection. Finally, these local changes can be produced by injections of very small amounts of divalent cations, when the existing levels of concentrations of K +, CI-, or Na + are little affected.
In the light of this accumulated evidence that the resting potential is not the result of a Donnan equilibrium system an alternative view as to the origin of the potential has been proposed (11) . This view is not at present framed in quantitative and analytical terms, but may serve as a working hypothesis for future experiments. The explanation is based on the generally accepted existence of a specific pump extruding Na + which tends to enter the resting cell under the drive of the normal gradient, both chemical and electrical. It assumes that the "intrinsic" driving force of the sodium pump (i.e., the intrinsic ability g Keynes and Lewis (33) state that these changes begin immediately after death of the animal. However, examination of their Figs. 7 and 8 reveals (ll) that this tendency is not marked during the first 4 hours except for nerves 2 cm. or less in length, in which end-effects may have predominated.
lo For example, Mauro (38) finds that a resting potential of a magnitude nearly that recorded with a saline-filled microelectrode is obtained also with a reversible Ag-AgCl internal electrode. On the basis of the Donnan theory of the resting potential, the latter electrode should record no potential differences across the resting membrane. Lorente de N6 (37), Ling (35) , and Teorell (44) discuss alternatives to the Donnan theory of the resting potential.
of the pump mechanism to eject Na +, unmodified by the steady state conditions of the cell) is large in comparison with the driving force in the opposite direction of the chemical concentration gradient alone. Under this condition of "intrinsic" asymmetry in ionic fluxes, a potential must develop which would operate to balance the inward and outward fluxes of Na + in the steady state. This potential would tend to decrease the outward flux and increase the inward, and would produce internal negativity as in the resting potential. It would have the properties of a diffusion potential, but its primary characteristics would be: (i) that it is dependent, not on ratios of any one ion species, but on the mode of operation of the sodium pump, and (~i) that the origin of the potential would not lie in the differences in concentrations across a barrier membrane, but in the membrane structure itself.
A number of Rudings discrepant with the concept of a Donnan origin for the resting potential are easily explained on the basis of the alternative view:
(a) Independence of the resting potential from the type of recording electrodes (i.e. different concentration junctions, reversible electrodes) follows from the assumption that the diffusion potential is caused by a specific configuration of the membrane which is implied in the term "sodium pump."
(b) As long as this configuration is not altered drastically, ionic changes inside or outside the axon would not greatly affect the resting potential. This is the case clearly obtained in the results with microinjection. The apparent dependence of the resting potential on alterations of external K + may also be explained in the same manner. Decrease of external K + or its increase up to 2 or 3 times the normal value, has little effect on the resting potential. Hodgkin and Katz (25) have explained this result on the basis of the mathematical formulation of Goldman (9) and have invoked three constants (Px,P~,Pcl).
Only after the spike height is considerably decreased, as takes place when the external K + is 3 or more times higher than normal, does the cell begin to act as a Donnan system, in which the rate of change of the resting potential has a slope of 58 my. per tenfold change of K +. In the microinjection experiments reported here the results are similar. Only when the spike amplitude is decreased to the level of zero overshoot does the resting potential decrease significantly. The effects on the resting potential produced by external changes in K + can therefore be assimilated with those of internal changes of various ions. The cell and its membrane begin to respond as a Donnan system only after depression of the spike, when the sodium pump mechanism is probably affected.
(c) The alternative view explains the marked effectiveness of divalent cations in depressing the resting potential as a consequence of specific interference with the membrane configuration.
(d) Since the seat of the resting potential is viewed as lying in specific structures of the membrane, local alterations of this would lead to localized differences in resting potentials, as found in the present experiments (Table  III, Fig. 10 ).
(2) The Sp/ke.--The range of overshoot of the spike observed in the present series of measurements is far broader than has been reported (17) . It is likely that this unselected series includes some nerves damaged during dissection or insertion of electrodes. Thus the few axons with resting potentials below 40 my. and overshoots below 30 my. might easily fall into this category. The consteliafion of resting potentials above 50 my. with overshoots below 30 my. would imply that damage to the action generator had occurred without affecting that of the resting potential. The reverse would have to be suggested for axons with low resting potentials and large overshoots, although this combination might be ascribed to leakage about the site of insertion of the electrode (7). It is difficult to ascertain whether or not electrical leakage may have occurred in any given case. However, the seal around the micropipette in all cases appeared to be complete with respect to the injection fluid. Thus, it was occasionally observed that, in the course of the injection, fluid escaped from cut branches of the axon, but such leakage was not observed at the site of impalement, although the concentration of fluid and its color intensity were highest at the site of injection. Furthermore, the range of the overshoot is about equally large atall observed values of the resting potential (Fig. 2 D) , a fact which indicates that the variation in amplitude of the overshoot is inherent in the differences of the axons. Hodgkin and Huxley (18) reported in a series of ten axons a range of 24 my. of variation in Vs,, which corresponds to the overshoot. However, the nerves used in these experiments had been selected for spike amplitude of 85 my. or more.
Axons with resting potentials of about 30 Inv. were able to respond with propagated activity. These resting potentials correspond to a steady depolarization of about 20 my. and depolarizations of this magnitude increase inactivation enough to eliminate sodium influx (21) . However, the relative independence of overshoots and resting potentials found in the present experiments is contrary to the relation between membrane potential and inactivation or indicates that the relation between spike amplitude and electrochemical potentials may be a rather loose one.
The general effect of the alteration of the internal ionic composition of the axon with respect to any ion is to decrease the spike amplitude. This result is not surprising, since it must be assumed that the complex functional orgauization of the bioelectric action generator is probably delicately poised with respect to the ionic environment.
This poising at first glance would seem to be rather insensitive to internal K +, as judged by the finding that large amounts of this ion must be introduced into the axon before the spike is affected. However, in terms of the relative change of the normal state with respect to K +, the excess amount of this ion needed to cause block is probably not greater than is the relative excess of Na + or of the divalent cations which cause block. The internal concentration of K + is about 10 times that of Na + and at least 1000 times that of Ca "~. The ratios of the blocking amounts of these ions are approximately in the proportion (Table  IV) , 100: 20:1, or expressed in terms of blocking effectiveness 1:5:100. However, a decrease in spike amplitude is effected rapidly by injection of Na + or the divalent cations, whereas the effect of excess K + is more gradual (Figs. 7  to 10) .
The similarity of the blocking effectiveness of Rb + to that of K +, and of Li + to that of Na + is in agreement with results obtained in other types of experiments. Thus, Feng and Liu (8) observed that externally applied Rb + causes the same type of change in the resting potential as does increase of K +. Hodgkin and Katz found that Li + may be substituted for Na + in the external medium (25) .
Prolongation of the spike, such as occurs with injection of Na +, has also been observed in other types of microinjection experiments (10, and unpublished data), but not the decrease of the spike amplitude. Closer experimental analysis of the underlying phenomena may therefore provide further information on the membrane events associated with the response.
Differences in form and amplitude of the spike can occur at loci in the axon a few millimeters apart (Fig. 10 ). These differences can be produced by localized microinjection, and the response in one region can outlast activity downstream. These findings have led to the suggestion (13) that the process of activity, once initiated in a small region proceeds along a time course and to an extent which is relatively independent of activity in immediately neighboring loci.
The changes in resting potential which are produced by microinjection of various cations in most cases appear when the overshoot of the spike becomes small and block is incipient (Figs. 7 to 10 ). Similar results have been obtained in the action of chemical blocking agents (unpublished data). It has been suggested above (p. 278~.) that the resting potential has its origin in the sodium pump system, which is presumably located in the membrane. Since the mechanism causing the spike is most probably also located in the excitable membrane, it would not be unlikely that the two generators were interlocked in some manner. Under such circumstances, alterations in the spike-producing mechanism, caused by injection of cations and reflected in decrease of the spike amplitude, might also affect the system causing the resting potential, but secondarily as a consequence of their action on the spike generator. SUlUr~Ry 1. A technique is described for recording the bioelectric activity of the squid giant axon during and following alteration of the internal axonal composition with respect to ions or other substances.
2. Experimental evidence indicates that the technique as described is capable of measuring changes in local bioelectric activity with an accuracy of 10 to 15 per cent or higher.
